Extrasolar planets found by gravitational microlensing often require assumptions on the source star distance and relative proper motion. Only in a few cases has it been possible to confirm these findings with space-based observations or high-resolution follow-up. 20 planetary microlensing events can be positionally cross-matched with the second Gaia data release containing parallax and proper motion measurements.
Introduction
Gravitational microlensing is arguably the most successful detection technique for finding extrasolar planets beyond the snowline. Moreover, microlensing planets are located several kiloparsecs away (Park et al., 2006; Bennett & Rhie, 1996; Wambsganss, 1997) and provide an independent measure of the planet abundance in our Galaxy (Snodgrass et al., 2004; Gaudi et al., 2002; Gould et al., 2010; Sumi, 2010; Sumi et al., 2011; Cassan et al., 2012; Suzuki, et al., 2016; Tsapras et al., 2016) . Microlensing planets are detected because light from a distant source star is attracted by a foreground lens star. As a consequence, more light from the source reaches an observer on Earth and the source appears to be brighter. The timescale of the event is related to the total mass of the lens, but also depends on relative proper motion as well as distance to the lens and distance to the source. Some of these parameters can be constrained by analyzing light curves of microlensing events. Further insight can be gained if the distance to the source and its proper motion are known, which is typically achieved by combining a fit to multi-band photometry. Only ∼ 1 in a million stars in the Galactic bulge is sufficiently aligned with a lens star to be detected by the observer as predicted by the seminal paper of Paczynski (1986) and the planet name reflects that most of the underlying microlensing events have been discovered by the OGLE (Udalski et al., 1994 and MOA teams .
The ESA Gaia mission (Gaia Collaboration, et al., 2016) is obtaining accurate parallaxes and proper motions of about 1.7 billion sources brighter than G ≈ 21. The second data release (Gaia DR2), including five-parameter astrometric solutions with parallaxes, and proper motions, was released to the community on 25 April 2018 (Gaia Collaboration, et al., 2018) . Comparing the list of 58 microlensing planets on NASA's Exoplanet Archive 1 with the initial Gaia data release (Gaia Collaboration, et al., 2016) reveals that 13 microlensing events can be positionally cross-matched and all of them can be found in Gaia DR2, albeit not with five-parameter astrometric solutions. In the following we describe which observable microlensing parameters are related to Gaia parameters and suggest a way to check if they comply with findings of Gaia. Most microlensing events follow a simple symmetric Paczyński light curve. In a co-linear lenssource-observer configuration the source star image appears as Einstein ring radius
constraining the typical angular scale of the effect, where D L denotes the distance from observer to deflecting lens of mass M L and D S denote the distance to the source star. The size of the Einstein radius is on the order of ∼ 1 mas and thus cannot be resolved. The relative proper motion between lens and source
changes the alignment of the lens and source stars. This causes the brightness to change accordingly since Einstein's deflection angle depends on the impact parameter and thus magnifies the source. The typical time-scale of the event can be expressed as
The former is called Einstein time and can be obtained from a fit to the microlensing light curve. Usually, the source star is sufficiently bright to be seen when being magnified. If the source star is sufficiently bright, one can expect to obtain a parallax vector constraining D S and the proper motion µ S which would leave us with the task to find a constraint on µ L . It should be stated that some microlensing light curves themselves provide a way of measuring µ rel by using finite source effects, namely the angular source star radius ρ expressed in units of θ E so that
where θ is the angular size of the source star inferred from the source color and ρ can be retrieved from a fit. Using Eq. 3 then leads to the relative proper motion. A direct comparison with Gaia DR2 is hard to achieve because the lens is usually too faint to be detected. Within the scope of this work, we could only check if the proper motion of the source or the lens star exceeds the expected distribution of µ L or µ S that can be obtained from Gaia DR2 itself. Finally, an asymmetry in the light curve can lead to the detection of a parallax vector which we will refer to as microlensing parallax in order to distinguish it from the parallax measured by Gaia. Observing a microlensing event from different observatories, at different times of the year and/or by using satellite observations (Gould, 1994 (Gould, , 2000 introduces the microlensing parallax as further fit parameter. It is related to source and lens distance as well as the Einstein radius θ E through
2 Rationale of the comparison
At first glance, the comparison of existing microlensing planets reported in the literature with Gaia DR2 data seems to be straight-forward. One needs to cross-check if the source star is in the Gaia catalog, ensure that the reported brightness is consistent and apply the corrected parameters to the reported physical parameter estimates. In practice, one faces several challenges as far as selecting a meaningful sample is concerned. Not all published planets come with reported uncertainties on all relevant parameters. In some cases, the parameter space is too complicated to provide an unambiguously set of fit parameters. Moreover, when uncertainties are reported, it is often not clear how the underlying parameter estimates are distributed and if the parameters for the best solution are consistent. In this work, we will follow a simple approach and rely on the best fit in a least-squares sense and use the corresponding parameters as a starting point.
Initial selection of planets
First we devise a filter criterion to determine which planets can be used for resampling the lens mass distribution. Out of 58 planets listed as confirmed in NASA's Exoplanet Archive, we only consider 53 due to a lack of reported values for θ E . Therefore, the microlensing events MOA-2007-BLG-192L and OGLE-2016-BLG-0263L are missing.
If applicable, we also compare µ rel , π E , t E , θ and ρ using Eqs. 1, 3, 4 and 5 in order to assess whether they describe our event and to perform a consistency check so one can argue how compatible they are with the reported θ E , D L and D S . Unmentioned source distances are assumed to be D S = 8 kpc. Moreover, the given mass ratio
is compared with the reported planet and host star masses. The planet is then obtained from
Depending on the available parameters we determine the following quantities where applicable:
We accept a discrepancy of 20 % on θ E and 10 % on the other aforementioned parameter values as a lower threshold. Any other preselection would drastically decrease the number of considerable planets. If these parameters are completely incompatible, we refrain from including them in our study. This applies to the events MOA-2010-BLG-328L (Furusawa et al., 2013) , OGLE-2005-BLG-169L , and OGLE-2013-BLG-0341L B .
After passing these checks, all available parameters are used to calculate M pl based on Eqs. 7 to 12, where κ = 8.144 mas M . The results are compared with the reported planet masses and the method delivering the closest deviation is chosen to be used. It turns out, that in many cases applying Eq. 7 leads to the most reliable results as compared to the published planet mass whereas the other approaches are just partially applicable.
For the actual comparison we need a five-parameter astrometric solution including parallaxes. That reduces our target list to 20 microlensing planets, and some are listed with negative parallaxes, which is not a surprise given that most microlensing events are located in crowded fields and the limiting magnitude is G ≈ 18. In addition to the positional cross-match we are checking if the reported I magnitudes are consistent with the blue and red Gaia magnitudes G BP , G RP which have been transformed to the Johnson-Cousin I band using the relations of Jordi et al. (2010) . Fig. 1 shows the distance to lens and source as well as the cross-matched Gaia DR2 candidate
Results
We find that 9 cross-matched stars are within 0.5 arcsec of the reported target position and within 0.2 mag of the reported source magnitude. Two more events are positionally cross-matched within 0.5 arcsec, but do not match the source magnitude. Both events are highly blended, but the inferred distance cannot confirm or rule out if the lens is the blend.
There was only one cross-matched planetary event with consistent brightness that did not match the reported lens and source distance. Skowron et al. (2015) report for OGLE-2011-BLG-0265L a Figure 1 : Distances to the reported microlensing planets and their respective host stars is shown along with the corresponding cross-matched distances based on Gaia DR2 parallaxes. The sample is limited to microlensing events towards the Galactic center.
source color V − I of 3.2 which differs from the Gaia DR2 target. The Gaia target is likely not the blend, because it is reported it to be > 20 mag in the I band. The cross-match separation is within 0.06 arcsec. The magnitude of the relative proper motion of the Gaia DR2 target is 10 mas/yr. Typical values for the relative proper motion are in the range of 2 and 8 mas/yr which by itself would not exclude the possibility of the Gaia DR2 target being the source. Since the event was discovered, the position should not have changed enough to affect the cross-match. We can also exclude that the deviation comes from the inferred distances, since a direct inversion of the parallax is similarly close. Due to the faintness of the event in Gaia (G ≈ 18.9) we expect that the crowded field has affected the event.
As a side-remark, Gaia DR2 also reports duplicated sources as diagnostic information which can indicate highly blended events before they occur. In the given selection OGLE-2006-BLG-109L and MOA-2008-BLG-379L (Suzuki et al., 2014) were reported and duplicated sources.
Considering different avenues of comparing parameters, we compare in Table 1 the reported lens and source distance with the distance of the nearest catalog entry based on the discovery paper 2 . The reference distance and asymmetric uncertainties are based on the inferred distances provided by Bailer-Jones et al. (2018) because some of the cross-matched targets are reported to have negative parallaxes. That increases our sample to 20 microlensing planets. The approach has already been tested on Gaia DR1 data (Bailer-Jones, 2015; Astraatmadja & Bailer-Jones, 2016a,b) . We report if D S or D L are within 2 σ of the respective asymmetric uncertainties.
Conclusions
We have subjected the published microlensing planets to a first compatibility check with Gaia DR2. We have shown that 19 of 20 planetary events with a five-parameter astrometric solution are within 2 σ of the reported source distance or the expected lens distance and 9 of them can be matched to the source magnitude within 0.2 mag.
When revisiting the published parameters, we find that the lack of uncertainties, parameters and Monte C samples makes a fair comparison difficult. We would like to note that we have also treated all events equally, but feature-rich and long events constraining source radius and parallax provide estimates that are independent of a Galactic model and by definition are more informative.
The lens and source star distances of microlensing events are likely to be constrained in a better way by using color-magnitude diagrams along with source and blend flux as fit parameter. For OGLE-2011-BLG-0265L, where the inferred Gaia distance is not compatible with source or lens, we assume that the corresponding Gaia DR2 catalog entry belongs to the source star. Bailer-Jones et al. (2018) . Converted Johnson-Cousins magnitudes and colors I G , (V − I) G are calculated based on (Jordi et al., 2010) . The first part of the table contains matches within 0.2 mag of the published source star and a separation below 0.5 arcec. The second part contains events that cannot be matched to the source magnitude. The last part contains entries without Gaia colors and separations > 0.5 arcsec. Since we can not reliably assign a Gaia source identifier to the lens, the source or the blend, the reported proper motion can not be used for further constraining the lens parameters. For our selection of 20 events, the proper motion stays around 7 ± 3 mas/yr and does not require a more careful treatment of the observational epoch. The cross-matched targets for OGLE-2005-BLG-390L and OGLE-2005-BLG-265L have the highest reported proper motion (10.0 and 14.6 mas/yr respectively). Fig. 2 illustrates how the assumed microlensing planet distribution looks like. Green circles correspond to the source star positions which are quite often constrained to 8 kpc. We also want to highlight that the published lens distances are hinting at more lens stars closer to the sun than one would expect. These events are more likely to enable the measurement of π E and might be affected by a publication bias which makes it easier to unambiguously characterize them as a planet.
We expect that the distribution of parameters provided by Gaia DR2 will also contribute decisively to refining the most recent Galactic models (Pasetto et al., 2018) that can be used to assess the nature of microlensing events as well as complementing high-resolution follow-up observations. It might be useful for the inferred Gaia DR2 distance estimates to compare all single and binary microlensing events with corresponding microlensing parallax measurements in order to see how the inferred distances at several kiloparsecs are affected by crowded fields. 
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